Structure and properties of Cu-doped diamond-like carbon films (DLC) were investigated using ab initio calculations. The effect of Cu concentrations (1.56∼7.81 at.%) on atomic bond structure was mainly analyzed to clarify the residual stress reduction mechanism. Results showed that with introducing Cu into DLC films, the residual compressive stress decreased firstly and then increased for each case with the obvious deterioration of mechanical properties, which was in agreement with the experimental results. Structural analysis revealed that the weak Cu-C bond and the relaxation of both the distorted bond angles and bond lengths accounted for the significant reduction of residual compressive stress, while at the higher Cu concentration
I. INTRODUCTION
Diamond-like carbon (DLC) films are widely investigated due to their unique structures and excellent mechanical, electronic, optical, and magnetic properties, 1 which are not only used as a protective coating in various industrial applications, but also considered in the fields of solar cell, magnetic disk storage devices, medical application and so on. [2] [3] [4] However, high level of residual compressive stress limits the films thickness to a few tens of nanometers and is the major drawback to their technological applications. Recently, it has been shown experimentally that an effective way to avoid the high residual stress of DLC films is the introduction of a small amount of Cu during the growth process. For example, Dwivedi et al. 5 reported that Cu containing DLC (Cu-DLC) films prepared by PECVD process exhibited extremely low residual stress (<1 GPa) than pure-DLC films, and they revealed that Cu incorporation enhanced the graphite-like sp 2 bonding, which resulted in the reduction of residual stress. Chen et al. 6 also found that embedding Cu nanoparticles in the DLC matrix reduced the film stress to 0.7 GPa, but they suggested that the weak bonding between Cu and C that allowed sliding at the grain(Cu)-matrix(C) interface may be a possible mechanism of reduced stress. It is well noted that the residual compressive stress is strongly dependent on the distorted atomic bonds in amorphous carbon structure. However, the addition of metal atoms brings the complexity of structure. Especially, due to the limited experimental characterization of the atomic bond structure, the effect of doped metal atoms on the atomic bond structure from the viewpoint of atomic scale is yet to be clarified, leading to the phenomenological explanation and controversy of stress reduction mechanism.
Theoretical simulation technique provides a robust method for in-depth insight of the atomic bond structure, and thus clears the stress reduction mechanism for metal-doped DLC (Me-DLC) films. But most of the previous computational results focused on the mechanism of sp 3 bond formation and the dependence of the atomic bond structure on the kinetic energy of the deposited a Electronic mail: aywang@nimte.ac.cn 2158-3226/2015/5(1)/017111/9 5, 017111-1 © Author(s) 2015 species in pure carbon or hydrocarbon system. [7] [8] [9] In contrast, computational study on the metal element addition in DLC films is highly limited, especially for the direct simulation of the Me-DLC film growth by classical molecular dynamics (MD) simulation. Recently, we 10 reported the bond characteristics between all transition metal (TM) atoms and C atom by ab initio calculation using tetrahedral bond model, and revealed that as the 3d electrons of doped TM increased, the bond characteristic between the TM and C atoms changed from bonding (Sc, Ti) to nonbonding (V, Cr, Mn, Fe) and finally to antibonding (Co, Ni, Cu), which accounted for the change of total energy caused by distorting the bond angles. Although the previous work provided an explanation for stress evolution from strain energy arising from the distortion of the atomic bond structure, the structural evolution caused by the doped metal atoms is still required in order to clarify the stress reduction mechanism and the relation between the structure and properties.
In this article, we present an ab initio calculation based on density functional theory (DFT) to investigate the structure and properties of Cu-DLC films with different Cu concentrations. Compared with the classical MD methods which require predetermined empirical potential parameters for specified compositions, the superiority of the parameter-free ab initio simulation method is obvious. The radial distribution function (RDF), properties including the residual compressive stress and bulk modulus, and both the bond angle and bond length distributions were evaluated to reveal the dependence of structural properties on Cu concentration and finally clarify the stress reduction mechanism. Results showed that the atomic bond structure was strongly dominated by the concentrations of the doped Cu atoms, which provided the explanations for the changes in the physicochemical properties of Cu-doped DLC films.
II. COMPUTATIONAL METHODS
All the calculations were carried out using Vienna ab initio simulation package (VASP) 11, 12 with a cutoff energy of 500 eV and a generalized gradient approximation (GGA) with the PerdewBurke-Ernzerhof parameterization. 13 The initial configuration contained 64 atoms in a simple cubic supercell with constant volume and under periodic boundary conditions throughout the simulation, which has been proved that such system was suitable and accurate to reveal the characteristics of amorphous carbon systems. [14] [15] [16] To obtain Cu-DLC systems, a two-step process composed of melt-quenching by ab initio molecular dynamics (AIMD) simulation and geometric optimization by static calculations was used, which has been demonstrated to provide a good description of DLC materials and to reveal the intrinsic relation between the structure and properties. 14, 17, 18 During the AIMD simulation, the system was first equilibrated at 8000K for 1ps to become completely liquid and to eliminate its correlation to the initial configuration using a canonical ensemble with a Nose thermostat for temperature-control and a time step of 1 fs, which was confirmed by calculating RDF of the samples; then, the samples were quenched from 8000 to 1 K at cooling rate of 1.6×10 16 K/s. For the subsequent geometric optimization of amorphous structure, a full relaxation of the atomic positions based on conjugated gradient method 19 was repeated until the Hellmann-Feynman force on each atom was below 0.01 eV/Å, and the self-consistent loop was created using an energy convergence criterion of 10 −5 eV. The Γ-only k-point was used to sample the Brillouin zone. To check the k-point convergence on amorphous structure, a fully converged calculation with a grid of 4×4×4 points (64k points) was performed. When the Γ point only was used, compared to a fully converged calculation with 64k points, the absolute error of average binding energy of per atom was found to be accurate to better than 0.004 eV.
In the amorphous structure, Cu concentrations ranged from 1.56 to 7.81 at.%, which corresponded to 1, 2, 3, 4 and 5 Cu atoms in 64-atom systems, respectively. To provide more representative models of the actual Cu-DLC systems than the direct substitution of carbon by metal atoms in the pre-generated pure-DLC networks, Cu atoms were introduced by substituting carbon atoms in the liquid carbon sample at densities of 2.87 or 2.03 g/cm 3 . 14, 18 Pure-DLC films were also involved for comparison with Cu-doped ones. Then, the RDF, sp 3 content, residual compressive stress, bulk modulus, and the distributions of both the bond angles and bond lengths in various Cu-DLC films were evaluated. 
III. RESULTS AND DISCUSSION
Before characterizing the structure of Cu-DLC films, the RDF, g(r), in the Cu-DLC systems with high Cu concentration (39 at.%) was analyzed first to define whether the Cu atoms were bonded or non-bonded with C atoms, as shown in Fig. 1 . The distance to the first minimum in the RDF (inset values of Fig. 1 ) was set as the cutoff distance, R cut , which was 1.85 Å for C-C, 2.36 Å for C-Cu, or 2.84 Å for Cu-Cu, respectively. 20 Figure 2 shows the final morphologies for pure-DLC and Cu-DLC films with the Cu concentrations of 1.56 and 7.81 at.% at 2.87 and 2.03 g/cm 3 , respectively. Red spheres represent the carbon atoms while yellow spheres are Cu atoms. All the films are amorphous, which will be described later by RDF. For pure-DLC films, it is noted that compared with the pure-DLC film at 2.87 g/cm 3 the low-density structure of the pure-DLC film (2.03 g/cm 3 ) is looser and contains many planar chains which are weakly cross-linked; as the density changes to 2.87 from 2.03 g/cm 3 , the sp 3 C content increases to 56.25% from 15.62%. After the addition of Cu, the sp 3 hybridized structure with the Cu content increases gradually for each case because the doped Cu atoms could interact with many C atoms around the doped position; when the Cu concentration in the Cu-DLC film at 2.87 g/cm 3 is 7.81 at.% ( Fig. 2(a) ), the sp 3 C content is 70.31%. Most importantly, it shows that the Cu atoms in the films with high Cu concentration could cluster with each other. Li et al. 10 revealed that the bond characteristic between Cu and C atoms was antibonding, which significantly weakened the bond strength and the stability of the system, and Chen et al. 6 also clarified that Cu bonded very weakly with carbon and did not form a carbide phase. Therefore, the Cu metallic clusters can be easily formed in a carbon-based matrix. Figure 3 shows the RDF spectra of pure-DLC and Cu-DLC films with different Cu concentrations, in which the vertical dotted lines represent the 1st and 2nd nearest peak positions of crystalline diamond. For each case, the film shows the typical amorphous characteristic that is long-range disorder and short-range order. First, for pure-DLC films, the 1 st C-C nearest neighbor peak with increasing the density is displaced from 1.46 Å at 2.03 g/cm 3 to 1.50 Å at 2.87 g/cm 3 , which is dependent on the hybridization ratio. In addition, the RDF of pure-DLC films from this calculations is in agreement with the previous experimental 21, 22 and theoretical results, 14, 16, [23] [24] [25] [26] suggesting that the simulated results reflect the nature of real system. The 1 st peak is known to be related to the atomic bond lengths, and the 2 nd peak has correlation with both the bond angles and bond lengths. However, after doping Cu into DLC films, the positions of the 1 st and 2 nd nearest neighbor peaks of the Cu-DLC films at 2.87 or 2.03 g/cm 3 are deviated from that of pure-DLC films, which demonstrates the evolution of the atomic bond structure including bond angles and bond lengths. Figure 4 presents the dependence of the calculated residual compressive stress and bulk modulus on the Cu concentrations. The stress, σ, and bulk modulus, B, are computed by the equations P = P xx + P yy + P zz 3 (1) where P is the hydrostatic pressure, P xx , P yy and P zz are the diagonal components of the stress tensor, V is the system volume, B is the bulk modulus; the pressure, P, is converted to the biaxial stress, σ, by multiplying the pressure by a factor of 1.5, according to the method of McKenzie (Eqs. (3)). 27, 28 The pure-DLC film at 2.87 g/cm 3 shows a high residual compressive stress of about 26.6 GPa, while the tensile stress of about 2.5 GPa is generated in the low-density pure-DLC film (2.03 g/cm 3 ). With introducing Cu atoms into the DLC films at 2.87 g/cm 3 as illustrated in Fig. 4(a) , the compressive stress with the Cu concentrations decreases drastically and then increases; when the Cu concentration is 1.56 at.%, the minimal residual compressive stress of approximately 5.7 GPa is obtained, which is reduced by 78.5% compared with the pure-DLC film; as the Cu concentration reaches up to 7.81 at.%, the compressive stress increases to 27.9 GPa. Similar behavior for the residual stress with Cu concentrations have also been proved in experiment. 6 Besides, Fig. 4 (a) also reveals that the addition of Cu (1.56∼7.81 at.%) causes the bulk modulus decreasing gradually. This attributes to the existence of soft Cu cluster which breaks up the continuity of the hard carbon network. However, in the Cu-DLC films at 2.03 g/cm 3 ( Fig. 4(b) ), the tensile stress is dominate, so the negative value of compressive stress is obtained, which also decreases slightly and then increases; at the Cu concentration of 3.13 at.%, the stress is -6.5 GPa, and the change of bulk modulus is similar to that at 2.87 g/cm 3 .
FIG. 6. Decomposed RDF spectra of g C-C , g C-Cu and g Cu-Cu in Cu-DLC film with Cu concentration of 7.81 at.% and density of 2.87 g/cm 3 .
In order to gain insight into the structural evolution and reveal the stress reduction mechanism caused by Cu doping, we investigated the atomic bond structure of Cu-DLC films. Taking the Cu-DLC films with the density of 2.87 g/cm 3 for example to explore the relation between the atomic bond structure and the significant reduction of residual stress (Fig. 4) , Figure 5 shows the total bond angle and length distributions for pure-DLC and Cu-DLC films with the Cu content of 1.56 and 7.81 at.%, respectively, in which the total bond angle distribution (Fig. 5(a) ) is composed of the bond angle distributions for all combinations and the total bond length distribution (Fig. 5(b) ) consists of C-C, C-Cu, and Cu-Cu bond lengths. Fig. 5(a) shows that with the increase of Cu concentration, the peak value of the total bond angle distribution decreases and the peak width shifts toward the small bond angles obviously, which are induced by the existence of the bond angles containing Cu and C atoms; a small and wide peak located at around 2.17 Å is generated in the total bond length distribution (Fig.  5(b) ). Figure 6 gives the RDF spectra of Cu-DLC film with the Cu content of 7.81 at.%, which is decomposed into partial contributions from the C-C, C-Cu and Cu-C. It obviously proves that the small peak in Fig. 5(b) originates from C-Cu and Cu-Cu bonds because it is longer than C-C bond.
Li et al. 29 revealed that the distortion of both the bond angles (<109.5
• ) and bond lengths (<1.42 Å) of the carbon network resulted in the high level of residual compressive stress. Thus, the C-C-C bond angles and C-C bond lengths in Cu-DLC films were further focused on, respectively, which are illustrated in Fig. 7 . The equilibrium bond angle of graphite is 120
• and the diamond one is 109.5
• (the black dotted lines of Fig. 7(a) ); the equilibrium bond length of graphite is 1.42Å and the diamond one is 1.54 Å (the red dotted lines of Fig. 7(b) ). It can be found that when the Cu concentration increases from 0 to 1.56 at.%, the populations of both the highly distorted bond lengths smaller than 1.42Å and the bond angles smaller than 109.5
• decrease simultaneously by comparing with the pure-DLC film, which implies that doping a small amount of Cu into DLC films could effectively relax the distorted bond structure of carbon matrix, leading to the obvious reduction of residual compressive stress. In previous, we have found that the bond characteristics of antibonding between Cu and C atoms was formed, resulting in the reduction of the strength of the system. 10 Therefore, it can be concluded that the fundamental mechanism of residual stress reduction caused by Cu doping mainly attributes to the weak Cu-C bond and the decreased fraction of both distorted bond angles and bond lengths. However, at higher Cu concentration of 7.81 at% the fraction of distorted C-C bond lengths increases remarkably, and many distorted C-Cu and Cu-Cu structures are also formed due to the higher Cu concentration, so these could account for the increase of residual compressive stress (Fig. 4) . The same change of atomic bond structure with Cu concentrations is also noted in the Cu-DLC films with the density of 2.03 g/cm 3 .
IV. CONCLUSION
Ab initio calculations based on DFT were employed to study the effects of Cu doping (l.56∼7.81 at.% Cu concentrations) on the structure and properties of Cu-DLC films. When the Cu concentration increased from 0 to 1.56 at.%, the residual compressive stress in Cu-DLC film at 2.87 g/cm 3 was reduced from 26.6 to 5.7 GPa; with further increasing Cu concentration to 7.81 at.%, the residual stress increased. At the density of 2.03 g/cm 3 , the similar behavior of stress with the Cu concentration was also observed. In addition, the bulk modulus was deteriorated for each case due to the existence of soft Cu cluster. By analyzing the atomic bond structure, it revealed that the stress reduction caused by Cu attributed to the weak Cu-C bond characteristic and the relaxation of both the distorted bond angles and bond lengths, while at higher Cu concentration of 7.81 at.% the increase of distorted C-C bond lengths and the existence of distorted C-Cu structures were the key factors to result in the increase of residual stress.
